This paper thoroughly elucidates the relative intensities of the probe transmission in a ladder-type electromagnetically induced transparency (EIT) system by considering the optical pumping effect. The observed EIT spectra reveal a different probe or coupling power dependence for various transmission peaks. In addition to causing quantum interference, the probe and coupling laser fields realign the population of Zeeman sublevels in the ground state through optical pumping. Analytical results indicate that the re-distribution levels, failing to contribute to the EIT peaks, either out of transition path or zero transition probability, significantly affect the transmission intensity.
I. INTRODUCTION
Electromagnetically induced transparency (EIT) originates from two resonant laser fields coupled to a common state in a three-level system. EIT is a quantum interference effect in which a strong-coupling field results in the reduction in the absorption of a weak probe field. Among the many EIT-related applications in atomic physics and quantum optics, lasing without inversion [1] , retrieval in both hot [2] and cold atoms [3] , and all optical switches [4, 5] are included. In atomic physics, EIT can explore the fine (hyperfine) structure of Rydberg states, owing to its narrow linewidth and high sensitivity [6] [7] [8] . However, the relative intensity of the transparency peaks under multi-intermediate levels of laddertype EIT remains a task to be understood. Recent papers have examined the ladder-type EITs with optical pumping effect on different transitions called double-resonance optical pumping (DROP), which results from the population transferred to the other hyperfine states. The optical pumping effect occurs when a photon transfers its angular momentum to the atom, resulting in the orientation of atoms and population re-distribution in Zeeman sublevels. Investigations in the early 1950s discussed the interactions between circularly or linearly polarized light and atoms. Following atom-photon interactions, the distribution of atomic populations achieves a nonthermal equilibrium after several absorption-emission cycles. When the population prefers to implode in a certain Zeeman sublevel, this atomic system is generally assumed to be aligned or to be polarized. Such an atom is referred to as a polarized atom [9] [10] [11] . Investigations of relative intensity, concerning optical pumping for various transitions, have been focused on the population loss in the intermediate state [12] , two-photon transition probability [12, 13] , and line shape of the EIT with DROP [14, 15] . The method of multiphoton processes in a three-level atomic system was proposed as well [15, 16] . The dispersionlike transmission spectrum has been experimentally observed [17] and has been theoretically modeled [18] .
This paper investigates the three-level ladder-type EIT spectrum of Cs atoms in a vapor cell at room temperature. The transmission intensity of the EIT peaks as a function of the * chintsai@mail.ncku.edu.tw † http://www.phys.ncku.edu.tw/∼cctsai probe and coupling laser power is measured and is analyzed. The simulation spectrum of the two-photon transition probability in the coherence term ρ 21 is integrated over the BoltzmannMaxwell velocity distribution. The relative loss of population in sub-Zeeman levels due to the optical pumping effect is calculated as well. Finally, a quantitative result of the power dependence for the EIT transmission intensity is provided. Figure 1 illustrates the energy levels for the D 2 line transitions of a cesium atom with fine (left) and hyperfine (right) structures. The frequency of weak probe and strongcoupling lasers correlates with the transitions of |6
II. EXPERIMENTAL SETUP AND OBSERVATION
,F = 4 (the solid line is denoted as 44 4 for assignment). Under these experimental conditions, some other atoms with specific Doppler velocities resulting in resonance with the probe field can form twophoton Raman resonance EITs and can be observed while scanning the coupling frequency [19] , such as the transition of |6 [20] . The experiment in this paper is performed in a room-temperature atomic cesium cell with a length of 10 cm and an outer diameter of 2.54 cm as shown in Fig. 2 . This cell is wrapped inside a shielding μ metal (three layers with an attenuation of 46 dB) to diminish the effect of the ambient magnetic field on the energy levels of Cs atoms. A linearly polarized probe field is provided by an external cavity diode laser (Sacher Lasertechnik Group TEC100, 100 mW), which produces a continuous wave (cw) at 852.3 nm. This laser frequency is locked on a Doppler-free saturation absorption spectrum on |6 2 S 1/2 ,F = 4 → |6 2 P 3/2 ,F = 4 on which frequency uncertainty is determined to be approximately 0.53 MHz. The probe field passes through a linear polarizer before the cesium cell and a bandpass filter (852 nm, FWHM 10 nm) before a sensitive infrared detector (Electro-Optics Technology, Inc. ET-4000). The coupling field, as provided by a tunable cw dye laser (R6G dye, Coherent 899-21), tuned to around 574.6 nm, was expanded and was collimated into a beam diameter of 2.8 mm such that the probe field was covered and was overlapped within the interaction region. These beams were counterpropagated through the cell to cancel the residual Doppler broadening [17] . The frequency of the coupling field was scanned across the |6
transition by using the LABVIEW program. The probe field was intensity modulated by a mechanical chopper at around 1.0 kHz, which acted as the reference frequency for demodulation of a lock-in amplifier, and was recorded by a personal computer via a multiple interface card (National Instruments, MI/O 6035E). The power of the probe and coupling fields was varied by adding the neutral-density filters. Figure 3 shows the Doppler-free EIT spectra as scanning the coupling frequency range around 500 MHz under a fixed probe laser frequency at |6
The plus symbol denotes the experimental data, and the solid line represents the simulation result, which is discussed later. The detuning c sets to zero for on-resonance transition |6
To illustrate the influence of the probe and coupling Rabi frequencies on the transition intensities, two different combinations of probe and coupling Rabi frequencies were used in Fig. 3 Since the probe and coupling fields have to interact on atoms with the same velocity group, a wavelength mismatching factor (λ p /λ c ) has to be considered for the peak positions. The enhanced absorption dips on both wings of the EIT come from the residual Doppler effect due to wavelength mismatching between the probe and the coupling lasers, resulting from an imperfect two-photon Doppler-free phenomenon [21] . Details of the assignment can be found elsewhere [19] . The EITs of 43 3 and 43 4 (the arrows pointed) are hard to observe from the background, and the signal of 44 3 has a signal-to-noise ratio about 1 under the capable Rabi frequency used in this experiment. Therefore, to investigate the transition intensity as a function of the probe and coupling Rabi frequencies, the transitions of 44 4 and 45 4 are focused. Figure 4 displays the recorded spectra of the transitions of 44 4 and 45 4 when varying the Rabi frequency of the (a) probe and (b) coupling laser fields. The Rabi frequency related to the transition probability (or strength) will significantly affect the EIT behavior [22] . For a given transition, the Rabi frequency is proportional to the square of the laser intensity [23] and is controlled experimentally by adjusting the laser power for a fixed laser-beam size. The spectra clearly reveal that the transparent intensity of the 44 4 and 45 4 peaks has a different growth and decline rate while adjusting the Rabi frequency of the probe and coupling fields. In Fig. 4 (a), the spectra (vertically shifted from bottom to top traces) has the Rabi frequency of the 
III. THEORETICAL ANALYSIS
For a two-level atomic system, the radiation transmitted through the atoms is
where l denotes the length of the atomic cell and α represents the absorption coefficient. Consider atoms with Doppler velocity distribution v along the laser beam at temperature T in which the absorption coefficient α must be integrated over all possible velocities and can be expressed as (consider the transition of |6
where n is the atomic density, λ and p represent the wavelength and the Rabi frequency of the probe laser coupled to the lower transition, 1 refers to the decay rate of the upper state, u = (2k B T /M) 1/2 is the most probable speed (where k B is the Boltzmann constant, and M is the atomic mass) [24] , and ρ 21 refers to the element of the density matrix derived from optical Bloch equations [25, 26] . For a three-level ladder-type EIT (see Fig. 1 ), the matrix element ρ 21 can be derived by solving the steady-state optical Bloch equations with first-order perturbation approximation under the weak probe field regime and can be written in the form
where p and c denote the detuning of the probe and the coupling fields with respect to their atomic transition energies and ρ 11 represents the probability of atoms being in the ground-state Zeeman sublevels [26] . In the density matrix, the diagonal elements are the probability of atoms being in a particular state, whereas, the off-diagonal elements refer to the coherence associated with the transitions. Generally speaking, ρ 11 is set to 1 in a pure-state system, i.e., an ideal three-level system. However, if the system involves multiple energy levels, then ρ 11 can be treated as the interaction probability of the population being in the transitions [27] . In this nonpure three-level system, the two-photon transition probability is the sum of all possible intermediate levels
, where d m F m F denotes the dipole matrix element between two Zeeman sublevels m F and m F . Based on this factor, Moon et al. [12] explained the relative intensity of transmission for laser fields coupled with different transitions in the Rb atom, and McGloin et al. [13] proved experimentally that the greater the two-photon transition probability is, the greater the EIT feature is. For the transitions involved in this experiment, the two-photon transition probabilities for 44 4 and 45 4 are 0.301 and 0.823, respectively, as applying π -π polarized fields, and the probabilities of the population being in the transition cycles have to be imported. Furthermore, the collision rate for the atoms at room temperature is significantly higher than those cold atoms in the trap. Collision-induced nonradiative energy transfer, which occurs in the dipole forbidden transitions, severely degrades the degree of quantum interference, especially at low-coupling Rabi frequency. The transmission of the probe field is not only affected by the Rabi frequency of the coupling field, but also by this nonradiative dephasing rate [22] . In general, this dephasing factor will broaden the transmission linewidth. Thus, a dephasing rate of 8 MHz, as derived from fitting the transmission linewidth, is included in the optical Bloch equations to handle the dipole forbidden transition between initial and final states [28] . Figure 5 shows the calculated transition probabilities for each Zeeman sublevel in the case of the π -π polarized probe and coupling fields on the (a) 44 4 transition and (b) 45 4 transition. These transition probabilities are derived by normalizing all of the decay channels of each hyperfine state [23] . According to Fig. 5(a) , for the probability of transitions, in Zeeman sublevels, m F = 0 to m F = 0 and m F = 0 to m F = 0 are zero, thus, m F = 0 and m F = 0 make no contribution to the EIT signal and are called dark states. Correspondingly, the dark states due to the out-of-transition path are in the Zeeman sublevels of |m F | = 5 for the 45 4 transition shown in Fig. 5(b) . For a lower transition of ladder-type EIT, the initial population distribution of ground-state Zeeman sublevels is in thermal equilibrium. However, the probe and coupling photons do not only interact with atoms to form an EIT, but also realign the atoms to a different population distribution. This realignment is owed to optical pumping in which the rate equations, including depopulation pumping, repopulation pumping, and relaxation rates in the steady state, must be solved to obtain the nonthermal equilibrium distribution. Franzen and Emslie [29] and Krainska-Misczak [11] provide further details for considering the optical pumping. When atoms are pumped into these dark states that are not involved in the interactions, i.e., population out of the transition strength or path, subsequently, decreases the EIT intensity.
In the ladder-type EIT, the optical pumping effect occurs both in the transitions of the ground state (i.e., the lower transition of the EIT) and the intermediate state (i.e., the upper transition of the EIT). For the lower transition, the initial distribution of the ground state is at thermal equilibrium in all of the Zeeman sublevels at room temperature. After solving the time-dependent differential rate equations for noncycling transition and taking the steady-state approach, the nonthermal equilibrium population redistribution of the ground state can be obtained and, hence, the interacting population ratio. Those populations in the dark state or out of transition make no contribution to the intensity of the EIT. Next, for the optical pumping in the intermediate state, the populations in the dark state or out of transition in the lower transition are removed, subsequently, allowing for the initial distribution of the upper transition. Correspondingly, the rate equations of the upper transition in the steady state can be solved again. Finally, the interaction population ratio of the upper transition is settled by normalizing at the initial population for the upper transition. Apparently, the product of the population ratios for the lower and upper transitions can be used as the optical pumping (O.P.) factors, implying that the population ratio remains in the ladder-type EIT transition and then contributes to the EIT intensity. Table I lists the optical pumping results with some typical probe and coupling Rabi frequencies. The lower (upper) ratio refers to the population ratio involved in the interaction (not in the dark states or out-of-transition strength) on the lower (upper) transitions. By using π -polarized light, the optical pumping effect favors the population at the lower |m F | levels. For the 44 4 transition, the lower and upper ratios indicate the population ratios in magnetic sublevels in F = 4 and F = 4 both, except for m = 0. As for the 45 4 transition, the lower ratio means the population ratio in magnetic sublevels in F = 4, and the upper ratio means the population ratio in magnetic sublevels in F = 5, except for |m| = 5. With an increasing probe power due to faster absorption-emission cycles, more populations are pumped into the sublevel of m F = 0. Therefore, in the 44 4 transition, less population is involved in the interactions since there is a dark state of the sublevel of m F = 0. Hence, the lower ratio decreases with increasing the probe laser power. Consequently, for the 44 4 transition, the upper ratio does not vary too much since only a 033402-4 smaller amount of the population is pumped into the sublevel of m F = 0 after removing the population of m F = 0. Consider the 45 4 transition; there is no dark state on the lower 45 4 transition. Although an optical pumping of the π -polarized probe field increases the population into the lower |m F | since they are all involved in the interactions, therefore, the lower ratio is 100%. Moreover, this distribution favors the lower |m F | levels, which prevents the upper optical pumping that pumps the populations into the dark state, i.e., sublevels |m F | = 5.
When the population implodes into the lower |m F | levels, more absorption-emission cycles are required to reach higher |m F | levels. Therefore, the power dependence of the 45 4 transition relies more on the probe power. Similarly, the large upper ratio occurs on the weak-coupling power in the case of the power dependence of the coupling field. In Table I , the O.P. factor is the product of the lower and upper ratios. This factor indicates the ratio of populations involved in the ladder-type EIT transitions. The optical pumping effect may exist as another route to other ground states. For example, there exist other ground states |6 2 S 1/2 ,F = 3 for the 44 transition, and |6 2 P 3/2 ,F = 3 and 4 for the 5 4 transition, and so on. However, on average cycles, the product of the O.P. factor and the two-photon transition probability imports the total interaction population being in the transition, except for the quantity out of the transition strength and out of the cycles, to another hyperfine state. In other words, the matrix element ρ 11 in Eq. (3) is effectively replaced with the product of the two-photon transition probabilities and the O.P. factor while considering the EIT applied in a nonpure three-level system, which is the existing dark states corresponding to certain polarization laser fields.
In the simulation, as for the transmission of Eq. saturation spectroscopy [24] . The D RT values and γ are 2.11 and 12.12 MHz for the 44 transition and are 3.02 and 8.46 MHz for the 45 transition under our experimental conditions. Figure 6 summarizes the simulation spectra as mentioned earlier and considers the product of the two-photon transition probabilities and the O.P. factor as the influence of matrix element ρ 11 , with respect to (a) the probe and (b) the coupling power dependence on the 44 4 and 45 4 transitions. Notably, the coherent term ρ 21 in the density-matrix approach contains the higher-order terms, and integrated, it can deal with the power broadening and enhanced absorption in the EIT spectrum while considering the nonstationary atoms. The transmittance of the 44 4 and 45 4 peaks in transition. This figure reveals that the linewidth broadening (i.e., saturation effect) [25] and the enhanced absorption on the wings of the EIT signals is gradually diminishing as the Rabi frequency of the probe field becomes comparable with the effective decay rate. The EIT phenomenon eventually ceases when an intensified probe field is applied, implying that the coherence quantum interference turns to decoherence; Raman absorption then dominates the interaction process [30] . Although the saturation effect can affect the transmission intensity, however, the optical pumping dominates the intensity of 44 4 eventually (as discussed later). According to Fig. 6(b) , the Rabi frequencies of the coupling field are 4.19, 13.25, 16.22, 18.73, and 24 .78 MHz on the 5 4 transition for the vertically shifted spectrum from bottom to top traces as the Rabi frequency of the probe field is maintained at 0.804 MHz on the 45 transition. The transmission linewidth becomes much broader, and the enhanced absorption on both wings of the EIT gets deeper while applying an intensified coupling field. And then, the Alter-Townes doublet dominates due to the saturation effect [22] (the power regime is not discussed in this paper). Correspondingly, when the Rabi frequency of the coupling field is comparable to the effective dephasing rate (8 MHz), the EIT signal fades out, that is, the probe field is less transparent as shown in the bottom lines of Fig. 6(b) .
IV. RESULTS AND DISCUSSIONS
To avoid the normalization factor, this paper compares the ratios of the EIT peaks of transitions 45 4 to 44 4 . Figure 7 illustrates the power dependence of (a) the probe and (b) the coupling fields for the experimental results (stars) with an error bar (standard deviation) and simulations (dashed and solid 2) due to the different EIT transitions as the frequency of the probe field is locked on the 44 transition and replacing the matrix element ρ 11 with the two-photon transition probabilities only, i.e., without considering the depletion of the population out of the transition strength in the dark states. The solid lines are derived not only from including the Doppler velocity group factor in ρ 21 , but also from replacing ρ 11 with the product of the two-photon transition probabilities and the O.P. factor. The ratios of the solid lines can be obtained from Fig. 6 . Apparently, the dashed lines are unable to explain the power dependence of the experimental intensity ratio. Since there is no adjustable parameter in the theoretical simulation, only with the O.P. factors included, the simulation results (solid lines) correlate well with the experimental observations in terms of the probe and coupling power dependence as shown in Fig. 7 . According to Fig. 7(a) , the ratio of transmission 45 4 /44 4 increases with the probe power. This increasing ratio originates from the loss interaction due to the populations in the dark state of m F = 0 for the 44 4 transition in the denominator. With an increasing power of the probe field, the population tends to implode on m F = 0 and then out of the transition strength, subsequently, decreasing the transmittance. In contrast, this optical pumping effect favors the transition of 45 4 since it has a larger oscillator strength on lower |m F | levels and it requires more cycles to pump into the dark states of levels |m F | = 5 when the coupling power is fixed. The dashed line displays the saturation effect on transmission, causing the decreasing tendency that is attributed to the stronger transition strength on the 45 transition [25] . However, the optical pumping effect on the probe power dependence increases the ratio of 45 4 /44 4 eventually. According to Fig. 7(b) , the ratio of 45 4 /44 4 tends to decrease with an increasing coupling power. This tendency is owed not only to the fact that the decreasing populations on 45 4 are faster than those on 44 4 , but also to the saturation effect with an increasing coupling power. The larger error bars at the lower-coupling power are owed to the inability to observe the EIT spectrum when the Rabi frequency of the coupling field is nearly equal to or less than the dephasing rate of the upper transition [29, 31] . The declining tendency on the dashed line displays the saturation effect without considering the optical pumping effect. The influence of the optical pumping on the power dependence is more direct on the probe field than that on the coupling field since the dark states on the upper transition require more absorption-emission cycles to reach the higher |m F | levels. The optical pumping effect in the ladder-type EIT appears to be the major factor on the probe power dependence, yet it is not as severe on the coupling power dependence as shown by the dashed lines in Fig. 7 . The mechanism of the ladder-type EIT fails to reach 100% transparency in a room-temperature cell, even when applied in a short cell [31] . In this case, there still always is absorption of the probe field. Consequently, the population in the intermediate state is observable but is not as much as that of the ground state on the lower transition. Therefore, the effect on coupling power dependence is not as correlated as that on the probe power. Despite a small portion of the population in the intermediate state, the O.P. factor is required to be considered with respect to coupling power dependence.
This paper investigates the transmission of EIT signals and qualitatively analyzes the optical pumping effects on populations in which the O.P. ratio and two-photon transition probability profoundly influence the relative transmission intensity. Additionally, the experimental value of D RT and γ are incorporated in the calculation of the transmission to preclude the estimation of the constants in Eq. (2) . Moreover, the transmission ratio of 45 4 /44 4 is used for modeling transmission intensity. We find that the optical pumping effect dominates the probe power dependence, and the effects on saturation and optical pumping are synergistic in the case of coupling power dependence by a using π -polarized light. The intensity of the EIT is primarily affected by the Rabi frequency, the optical pumping branch ratio, collisions between atoms, and as many other factors that were not taken into consideration. Even so, this simplified model is feasible in the weak power dependence on the EIT peaks' ratio.
